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Abstract: This paper is mainly concerned with a laboratory study to investigate the effect of vacuum preloading.  Two separate series of 
tests were conducted in a large-scale consolidation apparatus designed and installed at the University of Wollongong, with axial load 
increments of 30 and 50 kPa. The first series of tests were performed based on the conventional method (i.e. without vacuum preload-
ing). For the second series, a vacuum pressure of 100 kPa was applied during the process of consolidation. The corresponding settle-
ment behaviour was recorded and plotted. The extent of smear zone was examined by the variation of permeability of small specimens 
obtained from the large-scale consolidometer. The void ratio-permeability relationship was also determined from the small specimens. 
The test results based on the large-scale laboratory testing confirm the efficiency of vacuum preloading in comparison with the conven-
tional method of surcharge alone. 
1  INTRODUCTION 
In recent years, prefabricated vertical drains (PVDs) incorporat-
ing vacuum preloading have been used widely for accelerating 
the consolidation of soft ground (Shang et al., 1998). Using this 
technique, the drainage length is considerably shortened from the 
full thickness of the soft soil layer to half of the drain spacing in 
the horizontal direction. The vacuum pressure propagating along 
the PVDs increases the hydraulic gradient and performs as an ad-
ditional surcharge load. Therefore, this system accelerates the 
consolidation process, and the height of the embankment can be 
reduced to achieve the same degree of consolidation 
(Mohamedelhassan and Shang, 2002).  
In the current research, a large-scale consolidometer (Indra-
ratna and Redana, 1998) was utilized to compare the performance 
of the PVDs system incorporating vacuum preloading with the 
conventional method (without vacuum preloading), and to assess 
the extent of the smear zone around a mandrel driven vertical 
drain. By collecting the undisturbed soil samples around the ver-
tical drain, the void ratio (e) and permeability (k) of each sample 
were measured by oedometer test. Permeability of all soils is 
strongly influenced by the density of packing of the soil particles, 
which can be simply described through the void ratio that was 
obtained readily from the ordinary soil moisture content test (Na-
rasimha Raju, et al., 1997). Therefore, the smear zone could be 
quantified either by measuring the change of permeability of soil 
samples or the change of void ratio. Finally, the e-log k relation-
ships from this type of soil were proposed in this study.  
2 VOID RATIO-PERMEABILITY RELATIONSHIP 
The permeability depends on the size, shape, and void distribu-
tion. Depending on soil types, the void ratio permeability rela-
tionship can be divided into two categories, namely, sands and 
clays. For sands, the relationship was proposed by Taylor (1948) 









           (1) 
where, k = permeability, C = a reference permeability indicating 
the soil characteristics, n = a constant depending on the type of 
soil and e = void ratio. 
Showing the limitations of Eq. (1) for clays, Taylor (1948) 
proposed an empirical linear relationship between the log k and e. 
The relationship can be expressed as: 
 






        (2) 
where, ck is a permeability change index, k0 and e0 are the in-situ 
values. This type of relationship has been commonly used to de-
scribe the variation of the permeability of clays with void ratio. It 
can be noted that Eq (2) would be generally valid for the range of 
void ratio in engineering practice (Tavenas et al., 1983). 
3 APPARATUS 
The schematic illustration of the large-scale radial drainage con-
solidation apparatus is shown in Fig. 1. The main body of the cell 
consists of two half sections made of stainless steel (450 mm in 
internal diameter and 950 mm in height). In order to reduce the 
friction along the cell boundary, a 1.5 mm thick Teflon sheet was 
inserted around the internal boundary. The loading system with a 
capacity of 1200 kN can be applied by an air jack compressor 
system via a piston. Water and air tightness of piston is achieved 
by using an O-ring system on its peripheral edge. The LVDT 
connected with data logger is usually placed at the top of the 
piston to measure the settlements. For vacuum pressure applica-
tion, a vacuum pump capable of generating 100 kPa suction 
pressure is employed at the top of PVD. The cell is also equipped 
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with a specially designed steel hoist from which a prefabricated 
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Fig. 1. Large-scale consolidation apparatus (after Indraratna and 
Redana, 1998) 
4 TEST SAMPLE 
 
Reconstituted alluvial clay from Moruya (New South Wales) was 
used in the apparatus. The clay size particles (<2 µm) accounted 
for about 40% - 50% of the specimen, and particles smaller than 
silt size (<6 mm) constituted about 60% of the specimen. Se-
lected geotechnical properties of sample are shown in Table 1. 
According to the Casagrande plastic chart, the reconstituted clay 
could be classified as CH (high plasticity clay). 
 
Table 1.  Soil properties of reconstituted clay sample. 
 
5 TEST PROCEDURE 
Two separate series of tests were conducted in a large-scale con-
solidation apparatus with axial load increments of 30 and 50 kPa. 
The first series (Test A) were performed based on the conven-
tional method (i.e. without vacuum preloading). For the second 
series (Test B), a vacuum pressure of 100 kPa was applied during 
the process of consolidation. All tests were carried out in three 
stages: (1) preparation of reconstituted clay, (2) drain installation 
and (3) collection of oedometer samples. In the first stage, fol-
lowing Burland (1990), the clay specimen was mixed thoroughly 
with a water content slightly greater than the liquid limit.  
Within the large-scale consolidometer cell, the clay was 
placed and compacted in layers in the apparatus. An initial pre-
consolidation pressure of 20 kPa was applied for 5 days before 
the installation of the vertical drain. In the second stage, the 100 
mm × 3 mm band drain, which equals to 32.5 mm of equivalent 
drain radius (rw), was then installed vertically using a steel man-
drel. After drain installation, the mandrel was withdrawn by the 
hoist system, and subsequently, the preconsolidation pressure of 
20 kPa was maintained further for the tests. For Test A, the large 
clay sample was further subjected to loading in increments of 30 
kPa and 50 kPa for 16 days and 14 days, respectively.  In the case 
of Test B, the large clay sample was loaded axially in increments 
of 30 and 50 kPa, together with an application of vacuum pres-
sure of 100 kPa, for 14 days and 20 days, respectively. The corre-
sponding settlement behaviour was recorded and plotted.  
After installation of the geosynthetics vertical drain and sub-
sequent testing, vertical and horizontal specimens were collected 
from different locations within the cell at known radial distances 
(i.e. Sections A-A and B-B) (Fig. 2). Oedometer tests were per-
formed on these samples to establish the extent of smear zone 
and the permeability-void ratio relationships close to and away 
from the central drain.   
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Fig. 2. Schematic Diagram: (a) section of test equipment showing 
central drain and associated smear; (b) locations of specimens ob-
tained to determine smear zone by employing void ratio and per-
meability characteristics. 
6 TEST RESULTS AND ANALYSIS 
In this section, the effect of vacuum preloading in the PVDs sys-
tem is discussed. The extent of the smear zone associated with 
the PVD was investigated by evaluating the permeability parame-
ters at different radii. Finally, the void ratio-permeability rela-
tionships for both horizontal and vertical direction are estab-
lished.  
The stages of loading for Test A and Test B are shown in Fig. 
3a. Figure 3b presents the measured settlements versus time for 
Soil properties Reconstituted clay 
Water content (%) 45 
Plastic limit, wp (%) 17 
Plasticity Index, PI (%) 25 
Unit weight, tγ , (kN/m3) 17 
Initial void ratio (e0) 1.24 
λ (oedometer test) 0.14 
κ (oedometer test) 0.05 
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Tests A and B. The magnitude of settlement with applied vacuum 
preloading (Test B) is more than the conventional loading about 
1.5 times at the end of the test. It also implies that the rate of set-
tlement for Test B is faster than that of Test A. This clearly shows 
that (a) vacuum preloading performs as an additional surcharge 
load (b) the rate of consolidation settlement is accelerated by the 
propagation of negative pressure along the drain length resulting 








































Fig. 3. (a) Loading sequences; (b) Measured settlements. 
 
As mentioned earlier, to investigate the extent of smear zone, 
small specimens were collected along Section A-A and B-B 
within unit cell in both vertical and horizontal directions at the 
end of the test (Fig. 2b). Figures 4 and 5 show the variation of 
void ratio as well as the horizontal and vertical permeability at 
the different radial distances for Test A and Test B, respectively. 
It is observed that the void ratio as well as the horizontal and ver-
tical permeability decrease towards the vicinity of the drain. This 
verifies that the soil disturbance (smear zone) is highest near the 
drain boundary.  As expected, the final average values of void ra-
tio, horizontal and vertical permeability from Test B is less than 
Test A due to the effect of vacuum preloading (Table 2). Indra-
ratna and Redana (1998) suggested that a dimensionless ratio 
kh/kv is a proper method in determining the smear zone, because, 
this method minimizes the error occurring in the determination 
process of the actual coefficient of permeability. The method of 
obtaining kh and kv is not critical, as long as the same laboratory 
approach is made consistent for both kh and kv. Figure 6 illus-
trates the ratio kh/kv along the radii of the unit cell. Observing the 
significant drop of kh/kv, the radius of smear zone for both tests 
can be taken to be 80 mm and 120 mm for Sections A-A and B-
B, respectively. The variations of kh/kv from both tests along the 
radial distance from the drain are similar. It verifies that there is 
no effect of vacuum pressure on this parameter.  The average ra-
dius of smear zone is 100 mm or it is about 3 times the value of 
rw, which agrees well with Indraratna and Redana (1998). It can 
be observed that the variations of void ratio with radial distance 
also decrease considerably within the smear zone, because, void 
ratio relates directly to the permeability (see Figs. 4 and 5). 
Therefore, the variation of void ratio could be employed as an al-














































Fig. 4. Void ratio and permeability along radial distance from 













































Fig. 5. Void ratio and permeability along radial distance from 
central drain (Test B). 
 
Table 2.  Soil properties at the end of the test 
 
 Test A Test B 
Average void ratio 0.89 0.63 
Average horizontal permeability (×10-11 m/s) 13.92 11.17 
Average vertical permeability (×10-11 m/s) 11.84 9.28 
4 


















Fig. 6. Ratio of kh/kv along the radial distance from central drain 
 
Figures 7 and 8 show the relationships of void ratio-vertical 
permeability (e-logkv) and void ratio-horizontal permeability (e-
logkh), respectively. Based on linear regression analysis, 
For vertical permeability: 
45.1059.0log −= ekv
         (3) 
For horizontal permeability: 
83.1010.1log −= ekh
          (4) 
Once again, it can be seen that there is no effect of vacuum 
pressure on the soil permeability during the test. According to 
Eq. (2), the initial vertical permeability (kv0) and initial horizontal 
permeability (kh0) can be back calculated based on Eqs. (3), (4) 
and initial void ratio (eo). The corresponding values are shown in 
Figs. 7 and 8. The initial horizontal permeability is about 2.5 











log(kv) = 0.59e - 10.45














log(kh) = 1.10e - 10.63 






Fig. 8. Void ratio-horizontal permeability relationship 
7 CONCLUSION 
The performance of prefabricated vertical drain incorporating 
vacuum preloading was investigated in the laboratory test, using 
a large-scale consolidometer. Comparing with the conventional 
method, it shows that the vacuum application performs as an ad-
ditional surcharge load and accelerates the consolidation process. 
By measuring the variation of the horizontal and vertical perme-
ability at the different radial distances in the unit cell, the extent 
of smear zone could be determined. The smear zone radius was 
approximately 100 mm for tests with and without vacuum pres-
sure, showing that the size of smear zone is not influenced by the 
vacuum application. It is also found that void ratio which relates 
directly to soil permeability can also be employed as a simple 
tool to determine the extent of smear zone around a mandrel 
driven vertical drain. 
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